pathological coronary endothelial hyperpermeability and facilitate leukocyte extravasation. 3 In the absence of reperfusion, polymorphonuclear granulocytes (neutrophils) are the first inflammatory cells recruited to the infarct area.
2 Neutrophils initiate the acute inflammatory response to engulf dead cells and tissue debris and facilitate post-MI repair. However, excessive neutrophil infiltration exacerbates tissue injury by the release of inflammatory mediators and proteinases. [1] [2] [3] Another early event in AMI is the acute and marked increase of ventricular expression and release of atrial (ANP) and B-type natriuretic peptides (BNP). 4 Hypoxia (via HIF-1α [hypoxia-induced factor 1 alpha]) and cytokines (TNF-α and interleukin-1β) stimulate myocyte BNP expression. 5 In fact, the plasma N-terminal pro-BNP level measured 2 to 4 days after AMI is a clinical marker of the severity of ischemia and independently predicts left ventricular (LV) function and 2-year survival. 6, 7 Of course, ANP and BNP are much more than diagnostic markers of cardiovascular diseases. Via their shared cGMP-forming transmembrane guanylyl cyclase (GC)-A receptor (also named NP receptor A), they stimulate diuresis/natriuresis and vasodilatation and inhibit the renin-angiotensin-aldosterone and sympathetic systems. 8 Even more, NPs exert cardioprotective functions not only as circulating hypotensive/hypovolemic hormones but also as local auto/paracrine factors moderating pathological cardiomyocyte hypertrophy and interstitial fibrosis. [9] [10] [11] Because of these systemic and cardiac protective effects, synthetic ANP and BNP were considered to be promising adjunctive treatments in patients with AMI. 12 Within the heart, the GC-A receptor is not only expressed on myocytes and fibroblasts but at even higher density in coronary endothelial cells. 13 In vitro studies showed that synthetic ANP, via GC-A, reduces TNF-α-induced endothelial hyperpermeability 14 and limits neutrophil adhesion to hypoxic endothelia. 15 In vivo, in the systemic microcirculation, ANP attenuates acute, immediate inflammatory effects of mast cells or histamine. 16 These protective endothelial actions are mediated by the cGMP-dependent protein kinase I (cGKI) and inhibitory phosphorylation of TRPC6 (transient receptor potential canonical type 6) cation channels, which prevents pathological calcium entry. 16 These observations suggest that ANP and BNP, released in the very early phase of AMI, might improve the endothelial barrier and attenuate the inflammatory infiltration of the myocardium, thereby limiting the area of necrosis.
To follow this hypothesis, we studied myocardial inflammation after experimentally induced AMI in control mice and littermates with conditional, endothelial-restricted inactivation of GC-A (knockout mice with endothelial GC-A deletion [EC GC-A KO]) or the downstream kinase cGKI (knockout mice with endothelial cGKI deletion [EC cGKI KO]). Our observations indicate that hypoxia and cytokines, that is, TNF-α, shift endothelial NP/GC-A/cGMP signaling toward activation of phosphodiesterase 2A (PDE2A). This diminishes subplasmalemmal cAMP levels and may contribute to disruption of the endothelial barrier and neutrophil activation and extravasation after AMI.
Methods
Expanded Methods are available in the Online Data Supplement.
Animals
The generation of mice with conditional, endothelial cell (EC)-restricted inactivation of either GC-A (Tie2-Cre ), as well as of mice with green fluorescent granulocytes (LysM-eGFP TG mice), has been described before. 16, 17 Two-to 3-month old mice were used for all experiments. The studies conformed to the regulations for animal experimentation and were approved by the local governments.
Experimental AMI and Evaluation of the Ischemic Area at Risk and Infarct Size
After anesthesia with isoflurane (3%) and intubation, thoracotomy was performed and MI was induced by permanent ligation of the proximal part of the left coronary artery. 18 Buprenorphine was administered for analgesia after surgery. For sham operation, thoracotomy was performed without arterial ligation. 18 Two days after AMI, the area at risk (AAR) and infarct area were evaluated. 18 After thoracotomy, Evans blue (Sigma, Deisenhofen, Germany) was injected from the cardiac apex to delineate the nonischemic tissue. The hearts were excised, washed with PBS, and cut into 5 transverse slices. The slices were stained with 2% 2,3,5-triphenyltetrazolium chloride (Sigma) to determine the infarct area, weighed, and photographed under a microscope (Olympus, Hamburg, Germany). LV area, AAR, and infarct area were determined by computerized planimetry. 18 Mice with AAR <30% were excluded from subsequent evaluations.
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Analyses of Myocardial Inflammatory Infiltration
Myocardial slices were fixed in 4% paraformaldehyde and embedded in paraffin. Immunohistochemistry for neutrophils (clone 7/4; Linaris, Wertheim, Germany, #550274) and myeloperoxidase (antibody from Dako, Germany) was performed on 5-μm sections. In separate experiments, hearts were digested with collagenase and suspended inflammatory cells were analyzed by fluorescence-activated cell sorting. 18 The specific antibodies are depicted in Online Table I .
Determination of Myeloperoxidase Activity
Myeloperoxidase activity in homogenates prepared from the LV infarct area and from corresponding right ventricles was determined as described.
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Reverse Transcription Polymerase Chain Reaction Analyses
Extraction of mRNA from murine LV and reverse transcription were performed as described. 16 mRNA expression levels of PDE2A, CXCL1 (keratinocyte-derived chemokine), and the adhesion proteins vascular cell adhesion protein 1, intercellular adhesion molecule 1 and E/P-selectins were analyzed by real-time quantitative reverse 
Detection of Coronary Endothelial Glycocalyx by Fluorescent Hyaluronic Acid Staining
Hyaluronic acid, as one of the largest glycosaminglycans (≈1000 kDa), is an integral component of the endothelial glycocalyx. Fluorescent stainings were performed on cardiac cryosections (20 μm). 20 Endothelial cells of myocardial arterioles and capillaries were visualized by confocal microscopy using CD31 and DAPI stainings. The glycocalyx was analyzed using ImageJ 1.42. Resulting integrated densities were normalized to the number of endothelial cells. From each heart, 2 sections were analyzed (3-6 vessels per section).
Culture of Human Umbilical Vein Endothelial Cells, cGMP Determinations, and Immunoblotting
All experiments were performed with confluent human umbilical vein endothelial cells (HUVECs) of passages 1 and 2. Cells were treated with human TNF-α (R&D Systems, Wiesbaden-Nordenstadt, Germany) or vehicle (PBS) during 24 hours under normoxic or hypoxic conditions (1% O 2 ). Thereafter, the cells were stimulated with ANP (Bachem, Bubendorf, Switzerland) or with the nitric oxide donor S-nitroso-N-acetyl-d-penicillamine (Sigma) in the absence or presence of the specific PDE2 inhibitor Bay 60-7550 (Alexis). Intracellular cGMP content was determined by radioimmunoassay. 16 The expression levels of cGKI (antibody from Cell Signaling, Frankfurt, Germany), PDE2A (FabGennix, Shreveport, LA), and PDE3A (antibody was a gift from Chen Yan, Rochester, NY) were determined by Western blotting. 16 Levels were normalized to glyceraldehyde 3-phosphate dehydrogenase.
Fluorescence Resonance Energy Transfer to Monitor Subsarcolemmal and Cytosolic cAMP Dynamics in Single Living HUVECs
HUVECs were seeded onto 24-mm round glass coverslides, grown to 70% to 80% confluency and infected with adenoviral vectors encoding the membrane-targeted fluorescent cAMP sensor pmEpac2 camps or the (parental) cytosolic cAMP sensor Epac2 camps. 21, 22 A multiplicity of infection of 30 to 50 was used to infect HUVECs 40 to 48 hours before live-cell fluorescence resonance energy transfer (FRET) measurements. 21 Twenty-four hours before measurements, cells were incubated with TNF-α or vehicle and then subsequently with ANP, adenosine (Sigma), and isoprenaline (Sigma).
Intravital Microscopy of the Mouse Cremaster Microcirculation
As a measure of microcirculatory endothelial permeability, leakage of the macromolecule fluorescein isothiocyanate (FITC)-labeled dextran (70 kDa; Sigma) from postcapillary venules within the mouse cremaster muscle was analyzed by intravital fluorescence microscopy. 16 EC GC-A KO, EC cGKI KO, and respective control mice were deeply anesthetized with intraperitoneal ketamine (100 mg/kg BW) and xylazine (10 mg/kg). After tail vein injection of FITC-dextran, microscopy was performed using a fluorescence filter for FITC for epiillumination (Olympus). Topical application of ANP, BNP (mouse BNP; American Peptide Co, Sunnyvale, CA), or vehicle was always started 30 minutes after intravenous administration of FITC-dextran and continued for additional 40 minutes. In a second series of experiments, leukocyte extravasation was studied in transgenic LysM-eGFP reporter mice with green fluorescent granulocytes. 17 FITC-dextran and leukocyte extravasation in response to ANP or BNP were evaluated after intrascrotal injection of mouse TNF-α 23 or vehicle (PBS) and for ANP in the absence or presence of Bay 60-7550 (local superfusion). Quantitative offline analysis of the microscopic images was performed with the computerassisted image analysis system Cell-D (Olympus). 16 
Statistics
Results are presented as mean±SEM. The number of experiments (n) is indicated in the figure legends. P values were determined by Student t test if allowed or otherwise by ANOVA followed by nonparametric Mann-Whitney U test, with P<0.05 considered significant.
Results
Decreased Myocardial Infarct Size and Inflammatory Infiltration in Mice With Endothelial-Restricted Inactivation of the GC-A Receptor for ANP
In the absence of reperfusion, neutrophil infiltration occurs within hours post MI and peaks at 1 to 3 days. 2 To study whether endothelial effects of locally released ANP or BNP modulate acute inflammation post MI, we subjected EC GC-A KO mice and control littermates to 48 hours of permanent coronary artery ligation. 18 In sham-operated control and EC GC-A KO littermates, there were no detectable areas of myocardium at risk of ischemia (AAR) or with infarctions. In mice with coronary ligation, the AAR was not different between genotypes, indicating that ligation site was the same in both groups ( Figure 1A) . However, the ratios of infarct-to-AAR were mildly but significantly smaller in EC GC-A KO mice ( Figure 1A) . In other words, the amount of healthy myocardial tissue was larger in the absence of endothelial GC-A.
By immunohistochemistry, the numbers of neutrophils per square millimeter were determined in the infarct area, the border zone, and the septum. 18 As shown in Figure 1B , almost no neutrophils were detectable in the myocardium of sham-operated mice. In mice with AMI, neutrophil density was tremendously increased in the infarct zone and less in the border zone and septum. Notably, the number of neutrophils infiltrating the infarcted myocardium was significantly diminished in EC GC-A KO mice ( Figure 1B) . Fluorescence-activated cell sorting analyses 18 further revealed a smaller portion of neutrophils within the CD11b + myeloid cells infiltrating the LV myocardium of EC GC-A KO when compared with control littermates ( Figure 1C ). Such analyses also revealed that the infiltration by other inflammatory cells, such as T cells and monocytes/macrophages, was not different between genotypes (Online Table I ). Accordingly, the number of myeloperoxidasestained neutrophils and myeloperoxidase activity (a well known marker for neutrophil accumulation) were lower in the infarct area of EC GC-A KO mice (Figure 2A and 2B). Finally, we determined the LV mRNA levels of CXCL1/ keratinocyte-derived chemokine, a chemokine that in the rodent postischemic myocardium is selectively expressed in infiltrating inflammatory cells. 24 As shown in Figure 2C , LV CXCL1 levels were markedly lower in EC GC-A KO mice when compared with their control littermates.
To elucidate the mechanism(s) of diminished neutrophil activation in EC GC-A KO mice, the RNA levels of endothelial adhesion molecules were evaluated. Figure 2D to 2G illustrate that LV levels of intercellular adhesion molecule 1, vascular cell adhesion protein 1, and E/P-selectins were increased in control mice with AMI. These responses were drastically attenuated in EC GC-A KO littermates. Together, our observations demonstrate that inactivation of the endothelial GC-A receptor attenuates early inflammation after AMI. They indicate that GC-A/cGMP-mediated actions of endogenous local NPs contribute to the impairment of the barrier functions 
Unaltered Myocardial Infarct Size and Neutrophil Infiltration in EC cGKI KO Mice
Endothelial cells express at least 3 effector molecules for cGMP: cGKI, cGMP-inhibited PDE3A, and cGMP-stimulated PDE2A. 13, 25 To elucidate whether endothelial cGKI mediates the proinflammatory actions of NPs after AMI, we studied EC cGKI KO mice and respective control littermates. 16, 18 Figure 3A and 3B show that the myocardial infarct size, infarct-to-AAR ratio, and the number of neutrophils infiltrating the infarcted and surrounding myocardium were not different between genotypes. Therefore, cGKI does not mediate the proinflammatory effects of endothelial NP/GC-A/ cGMP signaling.
Reduced Coronary Glycocalyx in Control and EC GC-A KO Mice After AMI
Studies in isolated perfused hearts showed that exogenous, synthetic NPs cause shedding of the coronary glycocalyx. 26 Because disruption of the glycocalyx favors postischemic neutrophil adhesion, we hypothesized that shedding of the glycocalyx by endogenously released NPs contributes to myocardial inflammatory infiltration after AMI. By fluorescent hyaluronan staining, the apical endothelial glycocalyx was clearly detectable in the hearts of sham-operated control mice and was indeed thinner and reduced ≈50% after 2 days of ischemia (Online Figure I) . If endothelial effects of NPs were involved in this damage, then EC GC-A KO mice should be protected. However, the glycocalyx of EC GC-A KO mice was similarly reduced after AMI (Online Figure I ).
PDE2A Is Upregulated in Ischemic Myocardium and in Hypoxic or TNF-α-Treated HUVECs
TNF-α, an inflammatory cytokine induced by myocardial ischemia, 27 increases the expression and activity of PDE2A3 in HUVECs. 25, 28 PDE2 is stimulated by cGMP, thereby increasing its rate of hydrolysis of both cGMP and cAMP. In general, decreases in cAMP levels impair endothelial barrier functions. 25, 28 Therefore, we hypothesized that the proinflammatory endothelial effect of the NPs/GC-A pathway during AMI is mediated by cGMP-dependent activation of PDE2A. Figure 4A shows that baseline protein levels of PDE2A in HUVECs were low. PDE2A expression levels significantly raised in response to TNF-α (10 ng/mL, 24 hours) and hypoxia (1% O 2 , 24 hours) or in response to a combination of both stressors ( Figure 4A ). The simultaneous exposure of HUVECs to both noxes exerted a greater effect on PDE2A induction, but the difference to separate exposures was not significant ( Figure 4A ). These increases of PDE2A were associated with significant decreases of cGKI levels ( Figure 4A, right) . Supporting the in vivo relevance of these findings, quantitative reverse transcription polymerase chain reaction showed that LV PDE2A mRNA levels were increased by ≈30% after 2 days of ischemia ( Figure 4B ).
Induction of PDE2A Modifies the Effects of ANP on Endothelial cGMP and cAMP Levels
In contrast to PDE2A, PDE3 is inhibited by cGMP and therefore mediates a positive cGMP/cAMP cross talk. 25, 28 Figure 5A (right) confirms that treatment of HUVECs with TNF-α (10 ng/mL, 24 hours) induced PDE2A expression, whereas PDE3A protein levels were unaltered. Because PDE2A is a dual substrate esterase, higher PDE2 expression after TNF-α treatment should affect both the cGMP and cAMP responses of HUVECs to ANP. Indeed, the cGMP responses to ANP were significantly attenuated in TNF-α-treated HUVECs ( Figure 5A , left). Specific inhibition of PDE2A with Bay 60-7550 (100 nmol/L, added 15 minutes before ANP) did not affect the baseline responses to ANP (not shown) but fully rescued the cGMP responses of TNF-α-treated HUVECs to ANP ( Figure 5A) . Similarly, the cGMP effects of the nitric oxide donor S-nitroso-N-acetyl-d-penicillamine (100 μmol/L S-nitroso-N-acetyl-d-penicillamine provoked 3.1±0.1-fold increases of baseline cGMP) were significantly inhibited by TNF-α (1.8±0.2-fold increases; P<0.05) and rescued by Bay 60-7550 (3.9±0.3-fold increases; n=4 per condition). These results confirm that PDE2A hydrolyses cGMP formed by either GC-A or nitric oxide-sensitive GC.
Next, we studied the effect of ANP signaling on intracellular cAMP. Cyclic AMP signals within endothelial cells are highly compartmentalized, and Sayner et al 29 suggested that cytosolic-produced cAMP decreases, whereas cAMP in submembrane compartments improves barrier functions. To analyze microdomain-specific cAMP dynamics, we transfected HUVECs either with pmEpac2 camps, a FRET cAMP sensor targeted to caveolae, or with the cytosolic sensor Epac2 camps. 21, 22 The cells were then treated with or without TNF-α during 24 hours before the acute FRET measurements. Single-cell cAMP responses to ANP (10 nmol/L) were compared with the responses to subsequent addition of adenosine (10 μmol/L) and isoprenaline (1 μmol/L). The effects of ANP and adenosine were calculated as percent of the effect of the β-adrenergic agonist isoprenaline (FRET in % maximum), which fully activates both sensors in HUVECs. Figure 5B and 5C depict original tracings recorded with the membraneattached sensor. As shown in Figure 5B and 5D, in resting HUVECs, ANP clearly increased submembrane cAMP levels, the effect being smaller than the effects of adenosine and isoprenaline. Figure 5C and 5D illustrate that TNF-α exposure and induction of PDE2A3 reversed the effect of ANP from an increase to a mild decrease of submembrane cAMP. The stimulatory cAMP effects of adenosine were significantly inhibited by TNF-α, whereas the effects of isoprenaline were not altered. Again the PDE2A inhibitor Bay 60-7550 (100 nmol/L, 10 minutes) did not alter the cAMP effects of ANP and adenosine in resting cells but fully rescued the stimulatory effects of ANP and adenosine in TNF-α-pretreated cells ( Figure 5D, right bars) . In other words, in TNF-α-pretreated cells, inhibition of PDE2A prevented the decrease of submembrane cAMP levels by ANP. Figure 5E shows that ANP and adenosine also enhanced the cytosolic cAMP levels of HUVECs, but these responses were not significantly altered by TNF-α. Together with published studies, 28 these results indicate that TNF-α increases the endothelial expression and ANP/cGMP-stimulated activity of the membrane-anchored isoform PDE2A3. Ultimately, these changes can mediate a negative submembrane cross talk between cGMP and cAMP, which may weaken the endothelial barrier.
TNF-α Induces PDE2-Mediated Hyperpermeability Effects of ANP/GC-A in the Microcirculation
The extravasation of neutrophils primarily occurs in postcapillary venules, where hemodynamic shear forces are diminished and the vessel wall is thin. 2 We hypothesized that ANP/ PDE2 signaling may increase transendothelial neutrophil migration partly by enhancing paracellular permeability and studied this possibility with intravital microscopy analyses of macromolecular FITC-dextran leakage from postcapillary venules of the mouse cremaster muscle. Consistent with our previous studies, 16 ANP or BNP (100 nmol/L, 40 minutes of local superfusion) had no direct effects on the permeability for FITC-dextran ( Figure 6A and 6B) . Pretreatment of the cremaster with a low dose of TNF-α (200 ng, intrascrotal injection 23 ) enhanced the mRNA expression levels of PDE2A ( Figure 6C ) but only mildly affected baseline-dextran permeability ( Figure 6A and 6B) . However, after TNF-α pretreatment, ANP and BNP significantly enhanced FITC-dextran extravasation, indicating augmented paracellular permeability ( Figure 6A and 6B) . Of note, this TNF-α-induced hyperpermeability effect of ANP was abolished in EC GC-A KO but preserved in EC cGKI KO mice ( Figure 7A ). Even more, in control mice pretreated with TNF-α, the hyperpermeability effect of ANP was fully prevented by inhibition of PDE2 with Bay 60-7550 (100 nmol/L, local superfusion of the cremaster during 15 minutes before addition of ANP; Figure 7B ).
Finally, we studied mice with fluorescent leukocytes (LysM-eGFP 17 ) to visualize directly the effect of ANP on neutrophil extravasation. As shown in Figure 8 , under basal conditions, ANP (100 nmol/L, 40 minutes of superfusion) did not change the number of perivascular leukocytes in the cremaster. TNF-α pretreatment (performed as above) significantly increased the number of interstitial leukocytes. In TNF-α-pretreated mice, ANP further enhanced leukocyte extravasation and this ANP effect was prevented by Bay 60-7550 ( Figure 8) .
We conclude that in the presence of TNF-α, ANP attenuates microcirculatory endothelial barrier functions and stimulates leukocyte transmigration. This effect involves endothelial GC-A/cGMP signaling and PDE2A3 as an effector molecule. Control heart EC cGKI KO heart
Discussion Principal Findings
Our study shows that mice with endothelial deletion of GC-A, the cGMP-producing receptor shared by ANP and BNP, are significantly protected from myocardial neutrophil activation and infiltration, as well as from necrosis during the early phase after AMI. Attenuated neutrophil activation in the ischemic myocardium of EC GC-A KO mice is indicated by diminished myeloperoxidase activity and decreased mRNA levels of CXCL1 (keratinocyte-derived chemokine), a CXC chemokine that was previously shown to be induced in inflammatory cells but not in resident myocardial cells after experimental MI. 24 Concomitantly, the induction of endothelial adhesion molecules (selectins, intercellular adhesion molecule 1, and vascular cell adhesion protein 1) by MI was markedly attenuated in these mice. We conclude that NPs, which are induced and released within the ischemic myocardium, may contribute to endothelial barrier dysfunction and thereby to inflammation after AMI. Our functional and biochemical experiments in vitro together with intravital microscopy studies of the cremaster muscle microcirculation in vivo demonstrate that hypoxia and cytokines, such as TNF-α, alter the immediate postreceptor signaling pathways of NP/cGMP in endothelial cells, decreasing cGKI and inducing PDE2A expression. This molecular remodeling may reverse the effects of ANP/BNP from endothelial barrier protection (via cGKI 16 ) to barrier disruption (via PDE2A3; Online Figure II) . It is well known that accentuation or prolongation of the inflammatory response in the early phase after AMI later on results in worse remodeling and dysfunction. 30 Thus, our experimental studies may partly explain the clinical observations that sustained increases in ANP and, greater, BNP levels during the early phase of AMI correlate with progressive LV enlargement, decreased contractility, and increased stiffness. 4, 6, 7 Of note, EC GC-A KO mice have mild arterial hypertension and functionally well-compensated subtle cardiac hypertrophy under baseline, resting conditions. 16, 31 Because LV hypertrophy is a powerful risk factor for cardiovascular disease, we expected that this intrinsic phenotype would exacerbate (not attenuate) ischemic myocardial necrosis of EC GC-A KO mice. This risk factor may explain why these mice exhibited only modest decreases in myocardial necrosis despite marked attenuation of inflammatory markers. In other words, the effect of the proinflammatory effects of NPs after MI might be underestimated in the experimental studies presented here. Our observations of acute proinflammatory roles of ANP and BNP after AMI are in line with previous studies of permanent coronary occlusion or ischemia-reperfusion injury in mice with global, systemic inactivation (knockout) of ANP or GC-A or with transgenic overexpression of BNP in the liver. [32] [33] [34] However, these former studies have the limitation that systemic arterial hypertension, increased systemic sympathetic and renin-angiotensin activities, and vascular abnormalities influence the cardiac responses of the global knockout mice to ischemia. In the BNP tg mice, 34 the effects of high systemic, pharmacological BNP concentrations were assessed, which may or may not resemble the local high endogenous BNP levels occurring during AMI. Another limitation of these studies is that they did not explore the specific cell types and signaling pathways through which NPs enhance neutrophil extravasation after myocardial ischemia. In particular, neutrophils express the GC-A receptor and in vitro studies revealed direct, although controversial, either potentiating or inhibitory, effects of synthetic NPs on neutrophil activation and their interactions with cultured endothelia. 15, 35, 36 The present study in mice with EC-restricted inactivation of GC-A or cGKI addresses the clinically relevant question whether and how endothelial cell-specific signaling of NPs affects inflammatory processes in the ischemic myocardium.
Dual Regulation of Endothelial Cell Barrier Functions In Vivo by ANP/cGMP via cGKI (Enhancement) and PDE2 (Impairment)
After their adhesion to endothelial cells, the subsequent extravasation of neutrophils occurs primarily in postcapillary venules, where hemodynamic shear forces are diminished and 2 This transendothelial migration takes place by transcellular and, mainly, by paracellular trafficking. 2 Endothelial barrier properties have an important role, and a dysfunctional endothelium, with enhanced expression of neutrophil adhesion proteins and altered cell-cell contacts, is characteristic of many inflammatory diseases, including AMI. When a previously healthy, resting endothelium is involved in an acute allergic reaction mediated by mast cell histamine, the ANP/GC-A/cGMP pathway, via activation of cGKI, can attenuate pathological calcium entry and hyperpermeability. 16 However, elegant in vitro studies in HUVECs showed that the effect of ANP/cGMP depends on the relative expression of different cGMP effector molecules. 25 In particular, TNF-α, one of the main cytokines produced in AMI, induces the expression of PDE2A3, a membrane-anchored isoform. 25, 28 In HUVECs with high PDE2A3 levels, ANP/ cGMP enhanced endothelial permeability. 25 Our observations extend these studies in HUVECs, showing that TNF-α and also hypoxia enhance the expression and cGMP-hydrolyzing activities of PDE2A and, even more, attenuate cGKI levels. The later observation is consistent with published findings of diminished cGKI levels in hypoxic smooth muscle cells. 37 However, whereas a loss of endothelial cGKI prevents the acute antihistaminergic action of ANP, 16 this is not sufficient to reverse this protective effect into a proinflammatory action because EC cGKI KO mice did not show enhanced (but unaltered) myocardial inflammation after AMI. In general, cAMP has been shown to stabilize the endothelial barrier. However, it is becoming increasingly apparent that cAMP signals within cells are compartmentalized. 29, 38 Studies suggest that elevation of cytosolic cAMP disrupts the endothelial barrier. 38, 39 In contrast, subplasmalemmal cAMP enhances the phosphorylation of effectors that promote junctional integrity, such as filamin A. 39 In HUVECs, the NP/GC-A/cGMP pathway may have dual effects on cAMP, depending on the relative expression levels of the cAMP-degrading enzymes PDE3A (cGMP inhibited) and PDE2A (cGMP stimulated), mediating positive versus negative cGMP/cAMP cross talks. 25 TNF-α does not alter PDE3 but markedly enhances PDE2A3 expression as described in the present study and elsewhere. 25, 28 To analyze the effect on the regulation of submembrane versus cytosolic cAMP levels by ANP, we performed comparative FRET studies with a membrane-targeted and a cytosolic cAMP sensor. In resting HUVECs, ANP increased submembrane and cytosolic cAMP, indicating inhibition of PDE3A. In contrast, in cells pretreated with TNF-α, we observed an ANP/cGMP-driven, PDE2A-mediated mild but clear decrease of submembrane cAMP, whereas the effect of ANP on cytosolic cAMP was unchanged. The observation that this cAMP decrease is confined to the submembrane compartment supports the involvement of the membrane-anchored PDE2A3 isoform previously shown to be induced by TNF-α. 28 Of course, HUVECs just provide a more or less valid in vitro model system. Because we observed a significant induction of PDE2A expression in vivo, in hearts after AMI, our major goal was to study whether such molecular changes affect the microcirculatory actions of NPs. Limiting our studies, up-to-now it is technically impossible to measure dynamic cAMP changes in the microcirculatory endothelium in situ. Instead, we applied intravital microscopy to directly visualize the effects of synthetic ANP or BNP on the endothelial barrier of postcapillary venules within the cremaster muscle of monogenetic mouse models dissecting endothelial NP/GC-A signaling. By monitoring the extravasation of FITC-dextran and of fluorescent leukocytes as indices of endothelial barrier functions, we confirmed that NPs do not alter endothelial permeability under baseline, resting conditions. 16 However, in cremaster preparations pretreated with TNF-α to induce PDE2 expression, both ANP and BNP exerted striking proinflammatory effects, with macromolecule and leukocyte extravasation. A combination of specific genetic and pharmacological tools demonstrated that this effect was mediated by endothelial GC-A/cGMP/PDE2 signaling and was independent of cGKI.
Downstream Pathways Contributing to Proinflammatory Endothelial NP/GC-A Signaling
Decreases in endothelial submembrane cAMP might enhance the recruitment and transmigration of neutrophils by different mechanisms, such as endothelial production of reactive oxygen species, expression of adhesion molecules, and weakening of endothelial junctions. 25, 40, 41 In particular, it was shown that increased endothelial cAMP downregulates the expression of the cell surface adhesion proteins vascular cell adhesion protein 1, intercellular adhesion molecule 1, and E-selectin. 40 Notably, the induction of these endothelial proinflammatory proteins by AMI was drastically downregulated in EC GC-A KO when compared with control littermates. This supports our concept that endothelial NP/GC-A signaling, possibly through PDE2-mediated cAMP decreases, contributes to the induction of the proinflammatory features of coronary endothelial cells during AMI.
Such adhesion molecules are normally harbored within the glycocalyx and are exposed after ischemia-induced shedding of larger constituents, particularly hyaluronan, which enhances leukocyte adhesion. Studies in isolated perfused hearts showed that intracoronary infusion of synthetic ANP or BNP caused shedding of the coronary glycocalyx, resulting in enhanced permeability. 26 However, the pathophysiological significance in vivo was not investigated. Indeed, our fluorescent stainings of myocardial vessels revealed loss of hyaluronan from the apical surface of the endothelium 48 hours after AMI. However, we observed similar alterations in control and EC GC-A KO littermates, indicating that endogenous endothelial NP/GC-A signaling does not provoke this damage.
Summary and Conclusions
Our in vivo studies extend previous in vitro findings 25 that the effect of the NP/GC-A/cGMP signaling pathway in endothelial cells is highly dependent on the molecular equipment of the cells, that is, the expression levels of the cGMP-modulated regulatory proteins cGKI and PDE2 versus PDE3. To our knowledge, this is the first study showing that cGMP/cAMP cross talk is compartmentalized in endothelial cells and that this dual NP/cGMP-dependent regulation of cAMP and microvascular endothelial cell permeability has pathophysiological relevance. When a previously healthy endothelium is involved in an acute allergic reaction, endothelial NP/GC-A/ cGMP/cGKI signaling can counterbalance calcium-linked hyperpermeability 16 (Online Figure II) . However, when endothelial cells are exposed to hypoxia and cytokines, such as TNF-α, conditions which enhance PDE2A and impair cGKI expression, NP/GC-A/cGMP signaling may increase PDE2 activity, resulting in a decrease of submembrane cAMP with breakdown of endothelial barrier functions and enhanced expression of cell surface adhesion proteins. Such changes ultimately facilitate leukocyte activation and transmigration (Online Figure II) . Our findings indicate that this pathway may contribute to inflammation in the early phase after MI and suggest that inhibition of endothelial PDE2A could have a beneficial effect in this setting.
Clinical Relevance
Our experimental studies unravel a novel endothelial signaling mechanism of NPs. Although previous 25 and presented experiments here confirm this pathway in cultured human ECs, the relevance for the pathophysiology of MI in patients of course requires further investigations. In fact, clinical evaluation of intravenous infusions of synthetic ANP (carperitide) or BNP (nesiritide) indicate that NPs may be an effective adjunctive therapy for cardiac function protection in patients with AMI. 12, 42, 43 Recent insights from the meta-analysis of 20 different trials showed that additional ANP or BNP treatment (low doses of carperitide or nesiritide infused during 2-7 days after AMI) was significantly superior to standard medical therapy. LV ejection fraction was improved by synthetic NPs both in the short-term (1 month) and long-term follow-ups, with a trend toward lower infarct sizes and reduced risk of major acute cardiovascular events. 12 However, all of these studies only mentioned that the synthetic NPs were given at the acute phase after AMI, but the real interval between the onset of AMI and start of infusion remained unclear. 12 Such protective longterm effects of short-term administered synthetic NPs likely involve their favorable systemic actions, including inhibition of the renin-angiotensin-aldosterone and vasodilation, as well as local cardiac antihypertrophic and antifibrotic actions, 44 actions which obviously predominate over the unwarranted acute proinflammatory actions described here. In addition, 2 clinical aspects may counter regulate possible acute proinflammatory cardiac actions of local NPs: (1) AMI routine therapy includes anti-inflammatory drugs, such as aspirin and statins 12 ; and (2) concurrent plasma concentrations of the endogenous NPs (measured with antibodies detecting the N-terminal parts of the prohormones BNP and ANP) fell with the introduction of nesiritide infusions and cardiac unloading, indicating diminished local, cardiac (endogenous) NP levels in the presence of enhanced systemic (exogenous) NP plasma levels. 45 The presented experimental data here illustrate a novel pathway, which could be a target for therapies improving NP actions. What Is Known?
Sources of Funding
• In acute myocardial infarction (AMI), the infiltration of the ischemic tissue by inflammatory cells affects initial injury and subsequent healing and remodeling processes.
• Another early event in AMI is the acute and marked increase of ventricular expression and release of the cardiac hormones atrial (ANP) and B-type natriuretic peptide (BNP), but the pathophysiological significance is unknown.
What New Information Does This Article Contribute?
• Normally, ANP and BNP, via their shared guanylyl cyclase A (GC-A) receptor and enhanced intracellular levels of the cyclic nucleotides cGMP and cAMP, exert protective endothelial actions improving vascular barrier functions.
• In AMI, tissue hypoxia and cytokines induce the expression of phosphodiesterase type 2A in endothelial cells, a cGMP-stimulated phosphodiesterase that degrades submembrane cAMP in response to natriuretic peptide/GC-A/cGMP signaling.
• In mice, genetic deletion of the endothelial GC-A receptor attenuates myocardial inflammation in the early phase of AMI, suggesting the presence of an ANP/BNP-mediated proinflammatory cross talk between cardiomyocytes and endothelial cells in this situation.
Plasma pro-BNP level after AMI is a clinical marker of the severity of ischemia and independently predicts cardiac function and 2-year survival. Of course, ANP and BNP are much more than diagnostic markers of cardiovascular diseases. Via their GC-A receptor, they exert cardioprotective functions as circulating hypotensive hormones and also as local factors moderating pathological cardiac remodeling. Therefore, synthetic ANP and BNP were considered promising adjunctive treatments in patients with AMI. In the early phase of AMI, endothelial dysfunction and myocardial inflammation are critical determinants of injury.
To dissect the endothelial actions of NPs, we studied mice with endothelial-specific knockout of GC-A. To our surprise, we found that such mice exhibit less myocardial necrosis and inflammation after experimental AMI. Moreover, the induction of proinflammatory endothelial adhesion proteins was markedly attenuated. Molecular and intravital microscopy studies revealed that hypoxia and cytokines, such as tumor necrosis factor-α, induce the expression of the cGMP-stimulated phosphodiesterase type 2A in endothelial cells. NP/GC-A/cGMP signaling increases phosphodiesterase 2 activity, resulting in a decrease of submembrane cAMP with breakdown of endothelial barrier functions and enhanced leukocyte transmigration. This pathway may contribute to inflammation after MI, suggesting that inhibition of endothelial phosphodiesterase 2A could have a beneficial effect in this clinical setting.
